Abstract. The stiffness of fully cured two-component epoxy resin was studied by means of Dynamic Mechanic Analysis (DMA) in this research, as well as the temperature sensitivity and frequency sensitivity. The relaxation properties was included, both one fully cured resin and oven aged resin. Research results illustrates that the investigated two-component epoxy resin behaves as a rubbery elastic material and will not give viscous permanent deformation problems at temperatures above 60 ºC. The epoxy resin has bitumen-like viscoelastic properties at lower temperature, while behaves as an elastic material and show very good high temperature resistance at higher temperature. The relaxation of the original epoxy resin is far less than the relaxation percentage of bituminous binders and epoxy modified bitumen. Research results approve that the oven ageing has hardly influence on the relaxation of epoxy resin.
Introduction
In part A of the paper, the curing behaviors were presented. The results indicated that the direct tensile strength of fully cured epoxy resin can reach to 20 MPa, while its failure strain of epoxy resin is very small and not sensitive to the temperature and displacement rate. In this part, DMA was perfomed to further characterize the temperature sensitivity and frequency (related to the loading speed) sensitivity.
The oxygen ageing resistance was also investigated in relaxation tests. The fully cured specimens were divided into two groups. One group, which presents the original (or not aged) binders, was directly used for tests. The other group was placed in an oven for ageing before tests. The oven was used for simulating the influence of high temperature ageing. Fully cured specimens were placed in the oven for 7 days at 85 °C with ventilated air.
Materials and Methodologies
Materials. Same two-component epoxy resin was used in this research. All the specimens involved in this part of study were fully cured.
Dynamic Mechanic Analysis. DMA was used to investigate the viscoelastic properties of the binder, specifically at the higher temperature range of 60 ºC to 170 ºC. DMA is commonly used to determine the stiffness and phase angle of materials, by measuring the amplitude and phase difference of the displacement of a sample in response to an applied oscillating force [1] . The complex modulus, storage modulus and loss modulus can be obtained with the following equation: Where:
* is the complex modulus [Pa] ; is the applied maximum sinusoidal stress [Pa] ; is the maximum sinusoidal strain. The lag between the applied stress and the resulting strain during sinusoidal loading is defined as phase angle. It is an indicator of the relative amounts of recoverable and non-recoverable deformation. The larger the phase angle is, the more viscous the material will be. Purely elastic materials have a phase angle of 0 degrees, while purely viscous materials have a phase angle of 90 degrees. So the phase angle can be regarded as a measure of the viscoelasticity of the material.
Relaxation test. The same dumbbell shape specimens, as presented in Part A, were used for relaxation tests at 0 °C, 10 °C and 20 °C. The test was performed in three steps. First, the specimens were conditioned in the testing machine at the specified test temperature for 60 minutes. Then a constant displacement rate of 1 mm/minute was applied till a certain force was reached, which was 40% of the failure force of fully cured samples. After that, the displacement was kept constant for 10 minutes and the relaxation of the resulting force was monitored. The relaxation percentage after 10 minutes was calculated by using the following equation [2] :
Where, R is the relaxation percentage after 10 minutes, [%] ; is the remaining force after relaxation at certain time, [N] ;
is the maximum applied force, [N].
Research Results Analysis
DMA results. The dimension of test DMA specimens were 30 mm long, 8 mm wide and 2 mm thick. A DMA temperature sweep test ranging from 24 ºC to higher than 170 ºC was conducted on fully cured epoxy resin. Three frequencies of 1 Hz, 10 Hz and 100 Hz were used. Fig. 1 shows the test results. One can clearly observe that at high temperatures (more than 100 ºC), the investigated epoxy resin behaves as a rubbery elastic material and has a stiffness value above 10 MPa while its phase angle value is close to 5 degree. It will not give viscous permanent deformation problems at temperatures above 60 ºC, like traditional bitumen do. have bitumen-like viscoelastic properties. At higher temperatures (higher than the temperature where the phase angle reaches its peak value), the epoxy component dominates the binder property, and the epoxy resin binder will behave as an elastic material and show very good high temperature resistance. Table 1 illustrates the influence of frequencies on the epoxy resin at 25 ºC and 40 ºC. It shows that at 25 ºC and 40 ºC, the frequency has only a slight influence on the binder stiffness and phase angle. At the temperature range from 50 ºC to 100 ºC, higher frequencies will result in a higher stiffness. But when the temperature is lower than 20 ºC, as Fig. 1 shows, the stiffness and phase angle of epoxy resin are independent of the frequency. This approved that the applied displacement rate does not seem to have a significant effect on the tensile strength, since the difference in tensile strength between 10 °C and 20 °C is not significant as discussed in Part A.
Furhermore, the stiffness curves approved that the tensile strength tests were performed under conditions where the response of the binder is independent of loading frequency. This can therefore explain why the influence of loading rate on the failure strain cannot be determined in Part A. Relaxation. Direct Tensile Strength results between the original epoxy resin and oven aged epoxy resin was first studied before perfoming relaxation analysis. Table 2 presents the results. Obviously, after oven ageing at higher temperature, the tensile strength of epoxy resin has slightly increased under the same displacement loading rate. But considering the variability during the tensile tests, the influence of ageing on the tensile strength and failure strain is not significant. This means that the high temperature ageing procedure did not have significant influence on the binder strength behavior. The high temperature resistance was also investigated by means of relaxation tests. Fig. 2 shows the relaxation curves of the original and aged epoxy resin at 10 °C. The applied maximum force on aged binder in the relaxation test was slightly higher than the one applied on the original binder. This was because the high temperature ageing resulted in higher tensile strength, as presented in Table 2 . Fig. 2 Relaxation test results at 10 °C of epoxy resin before and after ageing
The relaxation of the original epoxy resin at 0 °C is 39.24%, which is far less than the relaxation percentage of bituminous binders and epoxy modified bitumen. The relaxation percentage of original bitumen is normally higher than 90% at 0 °C, while epoxy modified bitumen can reach more than 50% relaxation under the same test conditions [3] . Epoxy resin is a more elastic material, while bitumen and EMB are viscoelastic materials. Pavement surface layers should have the ability to release the temperature induced tensile stresses which will occur in winter condition. But for the investigated epoxy resin, about 40% to 60% of the applied temperature stresses will remain and when high enough these stresses in combination with traffic induced stresses might result in cracking. Further research is therefore recommended to improve this investigated epoxy resin to achieve better relaxation behavior at lower temperature conditions. Table 3 compares the average relaxation percentage between the original and oven aged epoxy resin binders at three different temperatures. After 7 days oven ageing, the aged binder shows less relaxation at 10 °C. It decreased from 48.8% to 40.8%. But at 20 °C and 0 °C, the difference is limited. Again, it approved that the ageing has hardly influence on the relaxation of epoxy resin. 
Summary
Based on the research results obtained from the Dynamic Mechanic Analysis and relaxation tests on two-component epoxy resin, the following items can be concluded:
1. The investigated two-component epoxy resin behaves as a rubbery elastic material and will not give viscous permanent deformation problems at temperatures above 60 ºC. The epoxy resin has bitumen-like viscoelastic properties at lower temperature, while behaves as an elastic material and show very good high temperature resistance at higher temperature. 2. At the lower temperature conditions, the stiffness and phase angle of epoxy resin are independent of the frequency. 3. The relaxation of the original epoxy resin is far less than the relaxation percentage of bituminous binders and epoxy modified bitumen. Research results approve that the oven ageing has hardly influence on the relaxation of epoxy resin.
